We determined the effects of mono-L-arginine-containing compounds on pial arterioles of anesthetized piglets. A closed cranial window was implanted, and the diameter of one pial arteriole was determined by intravital microscopy. Diameter was determined during application of artificial cerebrospinal fluid containing no drugs and during application of 10-5 10-4, 10-3, and 10-2 M L-arginine (ARG), L-arginine ethyl ester (AEE), Na-benzoyl-Larginine (NBA), Nac.benzoyl-L-arginine ester ethyl (BAEE), and L-citrulline (CIT). Initial diameters were 100-200 ,um. All of these compounds dilated arterioles, but the threshold concentration needed to elicit dilation varied: 10-M for NBA (n =5), 10-3 M for AEE (n =9) and BAEE (n=6), and 10-2 M for ARG (n-6) and CIT (n=4). Maximal responses were 15±8% for CIT, 17±4% for ARG, 19±8% for BAEE, 28±5% for NBA, and 27±6% for AEE. Indomethacin pretreatment (5 mg/kg i.v.) did not change arteriolar responses to AEE, NBA, and BAEE. However, coadministration of methylene blue (0.5x10-4 M or 0.5 X 10-3 M) abolished dilation to 10-3 M AEE or BAEE and attenuated dilation to 10'M NBA. In addition, coadministration of hemoglobin (0.4 x 10`M) abolished dilation to AEE, BAEE, or NBA. Last, intravenous (5 mg/kg) and coadministration (10-3 M) of NG-methyl-L-arginine blocked dilation to NBA or AEE. We conclude that mono-L-arginine-containing compounds produce pial arteriolar dilation in piglets, possibly involving an endothelium-derived relaxing factor. (Circulation Research 1990;67:1374-1380 T he nonprostanoid endothelium-derived relaxing factor (EDRF) originally described by Furchgott and Zawadzkil is a labile substance that is released in response to activation of muscarinic receptors and dilates blood vessels via a mechanism that involves cyclic GMP.23 The exact nature of EDRF is not known with certainty, but it may be nitric oxide or a related compound.45 Dilation due to EDRF is blocked or attenuated by several substances, including methylene blue, hemoglobin, and inhibitors of nitric oxide synthesis.6-8 Recent studies indicate that EDRF is an important control mechanism in many vascular beds.6,9 However, in several regional circulations, such as the cerebral
T he nonprostanoid endothelium-derived relaxing factor (EDRF) originally described by Furchgott and Zawadzkil is a labile substance that is released in response to activation of muscarinic receptors and dilates blood vessels via a mechanism that involves cyclic GMP. 23 The exact nature of EDRF is not known with certainty, but it may be nitric oxide or a related compound.45 Dilation due to EDRF is blocked or attenuated by several substances, including methylene blue, hemoglobin, and inhibitors of nitric oxide synthesis.6-8 Recent studies indicate that EDRF is an important control mechanism in many vascular beds.6,9 However, in several regional circulations, such as the cerebral circulation of the pig, EDRF-dependent responses appear to be absent or insignificant. For example, acetylcholine in piglets and juvenile pigs may cause modest dilation at low doses and causes potent constriction at high doses.10-13 Indomethacin pretreatment eliminates the dilation and abolishes the constriction without revealing relaxation in response to acetylcholine in piglets. In addition, in juvenile pigs, removal of the endothelium does not abolish either acetylcholine-induced dilation or constriction. 12 Results from experiments involving topical application of other substances thought to work through EDRF -such as serotonin, substance P, and the calcium ionophore A23187 -do not indicate that EDRF plays a significant role in responses to these substances in piglet cerebral arterioles (unpublished observations, 1988) . Specifically, application of A23187 constricts pial arterioles, and serotonin and substance P have little effect on diameter. However, bradykinin dilates piglet cerebral arteries via an-Busija et al Arginine Compounds Dilate Pial Arterioles 1375 to lack of EDRF production or lack of responsiveness to EDRF once it is produced. Application of L-arginine (ARG) or other mono-L-arginine-containing compounds has been reported to cause relaxation of blood vessels and to produce nitric oxide. 8, [15] [16] [17] [18] Whether this occurs in the cerebral circulation of the piglet or any other species is unclear.
The purpose of this study was to examine the influence of mono-L-arginine-containing compounds on pial arterioles of piglets. We tested the hypotheses that administration of these compounds would dilate pial arterioles and that this dilation would involve an EDRF mechanism.
Materials and Methods
Piglets initially were anesthetized with ketamine hydrochloride and acepromazine (33 and 3.3 mg/kg i.m., respectively), followed by a-chloralose (50 mg/kg i.v., initially, plus 5-10 mg/kg/hr). Catheters were placed into a femoral artery to record blood pressure and to sample for gases and pH and into a femoral vein for injection of drugs and fluids. The animals were intubated and ventilated with air. Body temperature was maintained at 37-38°C using a water-circulating rubber heating pad. After the scalp was removed, a hole 2 cm in diameter was made in the skull over the parietal cortex. The dura and arachnoid membranes were cut without touching the brain, and all cut edges were reflected over the bone. A stainless steel and glass cranial window was placed in the hole and cemented to the skull with dental acrylic. The space under the window was filled, through needles incorporated into the sides of the windows, with artificial cerebrospinal fluid (aCSF) of the following composition (mM): KCl 2.9, MgCl2 1.4, CaCI 1.2, NaCl 132, NaHCO3 24.6, urea 6.7, and glucose 3.7. The aCSF was warmed to 390 C and equilibrated with 6.5% C02-6% 02 (balance N2 infused under the window and blood gases and arterial pressure were within normal limits, the arterioles were exposed to increasing concentrations (10-i, 10-4 10-3, 10-2 M) of either ARG-HC1, ARG ethyl ester (AEE), Na-benzoyl-L-arginine (NBA), Na-benzoyl-L-arginine ethyl ester (BAEE), or L-Citrulline (CIT) for up to 5 minutes (all from Sigma Chemical Co., St. Louis). AEE, BAEE, ARG, and CIT were dissolved in aCSF. NBA required prolonged sonication to be dissolved in aCSF or distilled water. Aliquots of the NBA solution were further diluted in aCSF. In addition, responses to AEE, NBA, or BAEE were examined before and after intravenous administration of indomethacin trihydrate (5 mg/kg) (a gift from Merck Sharp & Dohme, West Point, Pa.). We have shown previously that this dose of indomethacin is able to reduce prostanoid levels in CSF to nondetectable levels and to substantially reduce pial arteriolar responses to prostanoiddependent stimuli.19020 In additional experiments to determine whether dilation was due to the release of an EDRF-like substance, we measured diameter during topical application of methylene blue (Sigma) or porcine hemoglobin (Sigma) in aCSF alone or with AEE, BAEE, or NBA. We also examined whether NG-methyl-L-arginine (NMA) (Sigma), an inhibitor of EDRF production,16 was able to reduce pial arteriolar dilation to NBA and AEE. We applied 0. Briefly, a i0`M hemoglobin solution was combined with a 10-fold molar excess of sodium dithionite, and the dithionite was removed by dialyses against a 100: 1 volume of distilled water. Final hemoglobin concentration was measured by spectrophotometry (IL co-oximeter, model 282, Lexington, Mass.) and was found to be 0.8x 10-3 M. Aliquots were frozen at -20°C until use.
We gave NMA intravenously (5 mg/kg) and applied 10-3 M NMA with NBA (10-i, 10C M) and AEE (10-3 M). To assess dilator capacity in the presence of NMA, we determined arteriolar diameter during inspiration of 10% CO2 in air.
In two piglets, arteriolar diameter was measured in the presence of aCSF alone and aCSF containing 10-4 M S-nitroso-N-acetyl penicillamine (SNAP) (a gift from Dr. T. Patel, University of Tennessee, Memphis), which forms nitric oxide in solution.
Arterial (Figure 2 ). In the presence of methylene blue (0.5 x 10-4 M), arterioles still dilated in response to arterial hypercapnia (initial diameter, 115+ 11 gtm; n=4) (Figure 2, upper panel) . However, Previous results from our laboratories indicate that the piglet cerebral circulation does not normally make EDRF. Acetylcholine, the generally recognized "sgold standard" for eliciting EDRF responses, operates via a prostanoid rather than an EDRF mechanism in pial arterioles of piglets and juvenile pigs. [10] [11] [12] [13] Thus, acetylcholine may dilate or constrict arterioles at low doses and only constrict them at higher doses, but all responses are due to production and/or presence of prostanoids and are blocked by indomethacin. Furthermore, even at high doses of acetylcholine, indomethacin pretreatment does not unmask a dilator response. In juvenile pigs, removal of endothelium does not affect responsiveness of cerebral arteries to acetylcholine.12 In addition, application of other substances-such as substance P, the calcium ionophore A23187, and serotonin-indicates that these substances do not elicit arteriolar changes via an EDRF mechanism in newborn pigs (unpublished results, 1988) . Cerebral vessels may dilate in response to bradykinin via another type of dilator substance released from the endothelium.14 Ours is the first study to show that an EDRF-like substance can be produced by L-arginine-containing compounds in a circulation that does not normally make EDRF. The reason that the piglet cerebral circulation does not dilate via an EDRF mechanism in response to acetylcholine is unclear but probably does not represent a response unique to the neonate, because we find that lamb pial arterioles dilate in response to acetylcholine (unpublished observations, 1989). However, many studies indicate that normal coronary2223 and pulmonary24 arterioles from several species, dog saphenous vein,25 and dog basilar artery15 do not dilate but rather constrict in response to acetylcholine, and this phenomenon may mean that many vascular beds do not rely heavily on the classical EDRF mechanism. Rather, other mechanisms, such as the prostanoid system, may be more important in mediating vascular responses in those circulations.
To our knowledge, there have been no previously published studies examining the effects of L-arginine and derivative compounds on cerebral vessels. However, there are several studies in which these compounds have been applied to other circulations. Thomas and Ramwell26 have reported that BAEE, NBA, and AEE, but not ARG, were dilator stimuli in rat aortic rings. Furthermore, dilator responses, particularly to NBA, were reduced after endothelium removal. In the rabbit aorta, ARG induced a modest relaxation.18 In addition, Thomas et a127 reported that porcine internal mammary artery dilates in response to BAEE, NBA, and AEE, but not to ARG.
Also, Thomas and coworkers28 showed that AEE and BAEE dilate mesenteric arteries of rats. Basic polyamino acids, rich in arginine, also cause relaxation in the rat aorta and bovine intrapulmonary artery and vein.2930 Our results extend these findings to the piglet pial circulation and show that NBA, BAEE, AEE, CIT, and ARG all are able to dilate the piglet pial arterioles. On a molar basis, NBA caused dilation at the lowest dose (10-`M), followed by AEE and BAEE (10-`M). However, ARG and CIT did not cause significant dilation until 10-2 M. It is possible that some of the dilation at 10-2 was due to a slight acidification of CSF by HCI in these compounds. Normal pH for our gassed aCSF was approximately 7.33. At 10-2 M, CSF pH was approximately 0.08 lower. At 10-5-_0-3 M, no detectable change in CSF pH was observed.
Based on two criteria, NBA and AEE were the most potent of the compounds examined. First, they produced the largest dilations. Second, persistence of dilation was greatest for AEE and NBA (occurring in 78% and 60% of the trials, respectively). For BAEE, sustained dilation occurred in 33% of the animals. For ARG and CIT combined, sustained dilation occurred only once out of 10 times. Thus, it appears that addition of a benzoyl and/or ethyl ester group is necessary for L-arginine to be readily metabolized to an EDRF-like substance. Greater potency for NBA compared with AEE and BAEE may be due to decreased lipid solubility due to the ethyl ester moiety, which could reduce incorporation of AEE and BAEE into cells.
The mechanism for the dilator response to these compounds is not known with certainty but appears to involve synthesis of an EDRF-like substance. The evidence for this view is provided from experiments in which three different pharmacological probes working through distinct mechanisms were able to block dilator responses to mono-L-arginine-containing compounds. First, methylene blue blocked responses to AEE, BAEE, and NBA but not dilation in response to arterial hypercapnia. Methylene blue has been shown to be a potent inhibitor of vascular responsiveness to EDRF,67 apparently acting indirectly by inhibiting production of cyclic GMP through blockade of guanylate cyclase.6,7 Second, the presence of hemoglobin prevented dilator responses to AEE, BAEE, and NBA. Hemoglobin has been shown to effectively inhibit the actions of EDRF, probably by binding with EDRF. Consistent with this view, it has been reported that experimental subarachnoid hemorrhage selectively blocks EDRF responses in the rabbit basilar artery.3' Third, NMA, which prevents conversion of mono-L-arginine-containing compounds into nitric oxide,16 blocked arteriolar dilation to NBA and AEE. Because indomethacin did not blunt the dilator response to the arginine-containing compounds, it appears that prostanoids are not involved.
Recent evidence indicates that one EDRF may be nitric oxide or a related compound, and arginine compounds may be precursors to nitric oxide.4,5"18'26 For example, ARG and CIT are able to induce nitric oxide production in porcine or rabbit aortic endothelial cells. 16 Nitric oxide appears to be derived from the terminal guanidino nitrogen atom(s) of arginine.916 Because conversion of CIT to nitric oxide may involve an additional step, in that CIT needs to be converted first into arginine,16 it seems unlikely that this conversion occurred during the short time of our experiments. As mentioned before, slight acidosis at 10`2 M is more likely to contribute to dilation.
We believe that our results support the concept that mono-L-arginine-containing compounds can be precursors for EDRF in the piglet pial circulation.
On a molar basis, application of SNAP produced much more dilation than even the highest dose of the L-arginine-containing compounds. The reason for the difference probably is that only a portion of the L-arginine molecules are metabolized into nitric oxide, whereas the amount of nitric oxide produced from SNAP is likely to be much higher.
The reason for prolonged dilation, especially after application of AEE or NBA, is unclear. The persistent dilation is not attributable to damage to the vessels. After application of norepinephrine and the resulting constriction, flushing CSF over the vessels restores initial diameter. At that time, the vessels once again can dilate in response to other arginine-containing compounds. We reasoned that generation of activated oxygen species could produce strong, irreversible dilation. However, free radicals would have to be generated via a process other than the prostanoid pathway. We have found that generation of superoxide anion is largely cyclooxygenase dependent in the piglet pial circulation during ischemia and reperfusion,32 asphyxia and reventilation,33 and seizures. 34 In the present study, dilation in response to AEE, BAEE, and NBA still occurred after pretreatment with indomethacin, and prolonged dilation still occurred over 50% of the time. It is possible that the prolonged response is due to the slow conversion of ABE, BAEE, and NBA into derivative products after loading of tissues, as Palmer et al '6 suggest occurs for CIT. Simultaneous application of norepinephrine will counteract the dilation with a constrictor influence and may stop conversion of arginine compounds to their dilator product via an as yet unknown mechanism.
In summary, mono-L-arginine-containing compounds dilate piglet pial arterioles via a nonprostanoid mechanism, which appears to involve synthesis of an EDRF-like substance. Thus, induction of the EDRF-related mechanism for dilation can occur in a circulation that appears not to rely heavily on EDRF for regulation of vascular tone.
